on behalf of the Myocardial-IRON Investigators* Background--Intravenous ferric carboxymaltose (FCM) improves symptoms, functional capacity, and quality of life in heart failure and iron deficiency. The mechanisms underlying these effects are not fully understood. The aim of this study was to examine changes in myocardial iron content after FCM administration in patients with heart failure and iron deficiency using cardiac magnetic resonance.
I ron deficiency (ID) is common in patients with heart failure (HF). 1 It is associated with reduced functional capacity, quality of life, and increased risk of clinical events. [1] [2] [3] [4] In patients with HF and ID (HF-ID), with or without anemia, iron treatment with intravenous ferric carboxymaltose (FCM) has consistently been shown to improve symptoms, functional capacity, and quality of life with an acceptable safety profile. [5] [6] [7] [8] The mechanisms whereby exogenous iron repletion leads to clinical improvement in HF-ID are not completely understood.
Experimental studies have shown that iron depletion impairs mitochondrial function and adenosine triphosphate (ATP) synthesis affecting systolic and diastolic properties of cardiomyocytes, and that all these deleterious effects are reversed with iron treatment. [9] [10] [11] [12] In humans, some studies have also shown that myocardial iron content is decreased in patients with advanced HF 13 and this is associated with abnormal myocardial mitochondrial function. 14 However, in the clinical setting, the myocardial effects of intravenous iron repletion in patients with HF-ID are largely unknown.
A cardiac magnetic resonance (CMR) sequence, T2*, has been shown to provide a noninvasive estimation of myocardial iron overload 15, 16 and myocardial iron depletion. 17 Native T1 mapping has also emerged as a potential alternative tool for the assessment of myocardial iron content. 18 In a recently published proof-of-concept pilot study of 8 patients with HF-ID, our group reported an association between intravenous FCM administration and myocardial iron repletion estimated by T2* CMR. 19 To further confirm these findings, the present study is a prospective multicenter, double-blind, randomized clinical trial of noninvasive estimation of changes in myocardial iron after administration of FCM or placebo in patients with HF-ID using CMR T2* and T1 mapping sequences.
Methods

Overall Study Design
The data that support the findings of this study are available from the corresponding author upon reasonable request. This investigator-initiated, multicenter, double-blind, randomized clinical trial was designed to evaluate the effect of intravenous FCM versus placebo on myocardial iron repletion estimated by T2* and T1 mapping CMR sequences in patients with HF-ID. The trial was conducted in 5 academic centers in Spain. 20 The patients provided signed informed consent before being randomized 1:1 to receive either FCM or placebo. Intramyocardial iron was evaluated at 3 time points: before treatment, and 7 and 30 days after treatment. At 30 days, patients assigned to placebo received intravenous FCM if ID persisted. The study design was already published. 20 The investigation conforms to the principles outlined in the Declaration of Helsinki and Good Clinical Practice of the International Conference on Harmonization. The study protocol was approved by Agencia Española del Medicamento y Productos sanitarios (AEMPS) and by Comit e Etico de Investigaci on Cl ınica (CEIC) del Hospital Cl ınico Universitario de Valencia. CMR studies were performed and analyzed by a core lab at ERESA (Valencia). Laboratory parameters were analyzed in local laboratories. This study is registered at http://clinicaltrials.gov (NCT03398681).
Study Population
The study population included patients with stable chronic HF (New York Heart Association [NYHA] II-III), left ventricular ejection fraction (LVEF) <50%, and ID (serum ferritin <100 lg/L [absolute ID] or 100-299 lg/L with transferrin saturation [TSAT] <20% [functional ID]), and hemoglobin <15 g/dL. 21 The inclusion and exclusion criteria were published previously 20 and are reported in detail in Table S1 .
Study Procedures
Screening and eligibility assessment (visit 0)
In this visit, after reviewing the inclusion/exclusion criteria, the patients signed and dated the informed consent form. The following information was recorded: (1) clinical and demographic variables, including a complete medical history, vital signs, and a complete physical examination; (2) ECG; (3) functional capacity parameters, including NYHA functional class and 6-minute walking test (6MWT); (4) quality of life parameters, including Kansas City Cardiomyopathy Questionnaire (KCCQ); (5) laboratory data, including hematology parameters, serum electrolytes, parameters evaluating iron status (ferritin and TSAT), creatinine, urea, estimated glomerular filtration rate, and NT-proBNP (N-terminal pro-B-type natriuretic peptide); (6) 2-dimensional echocardiography; and (7) CMR parameters.
24-hour visit
At this visit, after clinical evaluation, the patients were randomized to receive FCM or placebo. In addition, vital signs,
Clinical Perspective
What Is New?
• The exact mechanism explaining the benefits of treatment with ferric carboxymaltose in patients with heart failure remains not fully explained. • This study shows that treatment with ferric carboxymaltose resulted in significant short-term changes in cardiac magnetic resonance sequences that are consistent with myocardial iron repletion.
What Are the Clinical Implications?
• This study opens a new line of research about the utility of cardiac magnetic resonance for noninvasive quantification of myocardial iron status, including not only iron overload, but also iron deficiency and response to treatment (myocardial iron repletion).
complete physical examination, and functional class evaluation (NYHA) were noted.
7-and 30-day visits
At these visits, the same explorations/variables were recorded as at visit 0, except the ECG and echocardiography, which were performed only at the 30-day visit. During the study period, all concomitant medications and clinical adverse events (death from all causes or hospitalization for acute HF) were recorded. Optional visits were permitted at the discretion of the physician in charge, at which the same information was recorded as in the preplanned visits.
Cardiac magnetic resonance
CMR studies were performed by 2 experienced operators on a 1.5-Tesla MR scanner (Essenza y Avanto, Siemens, Erlangen, Germany) using the spine and phased array 6-channel surface coils. No contrast media were used. All images were obtained with electrocardiographic gating and breath-holding. Cine images were acquired at rest in short-axis views every 1 cm with steady-state free precession imaging sequences (time resolution: 37 ms; voxel size: 1.791.797 mm). The LVEF was calculated by semiautomatic planimetry of endocardial and epicardial borders in short-axis view cine images. Left ventricle diameters and volumes were also determined. For T2* analysis, a region of interest was chosen in the midleft ventricular septum. The mean signal intensities of the regions of interest were measured in the series of increasing echo time images to give an exponential decay curve. The monoexponential decay model and nonlinear curve fitting algorithm were used to fit the curve to obtain the T2* measurement. T1 mapping was performed using Modified Look-Locker Inversion Recovery sequences with motion correction (voxel size: 1.591.597 mm) in 3 short axes (basal, medial, and apical). After T1 maps were generated, a region of interest was chosen in the mid-left ventricular septum in the 3 short axes and the average T1 values were calculated. The same protocol was repeated at 7 and 30 days. The technical specifications of the CMR sequences were described elsewhere. 20 CMR operators were also blinded to treatment allocation.
Trial Intervention
Eligible patients were randomized to receive FCM or placebo. All patients received the assigned treatment with no place for crossover.
Intravenous FCM or placebo
FCM solution (Ferinject â [FCM], Vifor Pharma, Glattbrugg, Switzerland) was given as a 20-mL perfusion (equivalent to 1000 mg of iron) diluted in a sterile saline solution (0.9% wt/ vol NaCl) administered over at least 15 minutes after completion of all baseline study-related assessments. Because FCM is a dark-brown solution that is easily distinguishable from the saline placebo, study personnel responsible for the preparation and administration of the study drug were aware of the group assignments and, therefore, not involved in any study assessments.
In the placebo group, normal saline (0.9% weight/volume NaCl) was administered as per the instructions for active therapy. To ensure that patients were unaware of the study drug, the materials used in drug administration were covered with aluminum foil and the injection site shielded from the patient view.
Concomitant drugs
Indications for other HF-related drugs in both treatment groups were handled according to the current recommendations for clinical practice and included the administration of angiotensin-converting enzyme inhibitors, angiotensin receptor blockers, sacubitril/valsartan, b-blockers, mineralocorticoid receptor antagonists, digoxin, ivabradine, diuretics, and nitrate agents. Per study protocol, changes in HF therapy during the study period were discouraged.
End Points
Primary end point
The main end point was to noninvasively estimate changes in myocardial iron content as measured by T2* and T1 mapping CMR sequences 7 and 30 days after FCM or placebo administration.
Secondary end points
The secondary end point was to correlate posttreatment changes in myocardial iron content (T2* and T1 mapping) with concomitant changes in surrogate markers of disease severity (LVEF, functional capacity [6MWT and NYHA class], quality of life [KCCQ], NT-proBNP, and blood markers related to iron biology [ferritin and TSAT]).
Safety end points
A strict policy was implemented regarding close adverse event surveillance to ensure early detection and appropriate management. Based on previous studies, 7,8 the surveillance specifically focused on (1) general disorders and administration site conditions, (2) skin and subcutaneous tissue disorders, (3) nervous system disorders, (4) gastrointestinal disorders, (5) vascular disorders, (6) ear and labyrinth disorders, (7) injury, poisoning, and procedural complications, and (8) cardiac disorders.
Subgroup analyses
We also included as part of the analysis the effect of treatment on changes in T2* and T1 among age (≤75 years versus >75 years), ischemic heart disease (0/1), and anemia (0/1) categories.
Follow-Up
No patients were lost to follow-up. T2* and T1-mapping values could not be accurately obtained in 3 and 2 patients, respectively. Reasons for unavailability included rejection for repeating the CMR test (n=1 patient) and technical issues in image acquisition (n=2 patients). In these cases, T2* and T1 mapping values were imputed.
Statistical Analysis
All statistical comparisons were made under an intention-totreat principle. Continuous variables were presented as median with interquartile range. Discrete data were expressed as frequency and percentages. The v 2 test or Wilcoxon ranksum were used as appropriate to compare baseline characteristics among the 2 treatment groups.
The statistical comparisons for the primary efficacy end point tested the null hypothesis of no differences in changes in myocardial iron content as estimated by T2* and T1 mapping CMR in patients treated with intravenous FCM or placebo at 30 days. The alternative hypothesis stated differences in either direction. Because of the availability of 2-time points, the 7-day evaluation was considered a co-primary end point.
A linear mixed regression model was used for the analysis of the primary end point. All analyses included adjustments for hospital center (as a cluster variable), the interaction term treatment9visit (7 and 30-day), and the baseline (pretreatment) value of the regressed outcome. The inclusion of other covariates was based on clinical judgment or randomization inequalities at baseline. To limit the potential for increasing type I error rate, we focused strictly on between-group (FMC versus placebo) comparison at 30 and 7 days, respectively.
A similar approach was used for the subgroup analyses after stratifying for the prespecified variables (age [≤75 years versus >75 years], ischemic heart disease [0/1], and anemia [0/1]). Such linear mixed regression model included a 3-level interaction (FCM treatment9visit9subgroup variable).
For analysis of the correlations between changes in either T2* or T1 mapping and changes in LVEF, 6MWT, NYHA class, KCCQ, NT-proBNP, ferritin, and TSAT, we used linear regression analysis. For this analysis, the stratification at 7 and 30 days was ignored under the assumption that these correlations may remain the same throughout follow-up. These correlation models included the interaction between the treatment and the delta of the parameter evaluated. The normality of residuals was checked.
As a prespecified analysis, no adjustment for multiple comparisons was made in any of the analyses. Results from linear mixed regression model and linear regression analysis are presented as least-square means with 95% CIs and P values.
Missing values in T2* and T1 mapping were imputed using a reference-based sensitivity analysis via multiple imputation for longitudinal trials with protocol deviation. 22 A 2-sided P value of 0.05 was considered significant for all analyses. All analyses were performed using Stata 15.1 (Stata Statistical Software, College Station, TX). The multiple imputation procedure was implemented with a special module within Stata called "mimix."
Results
Trial Population
From May 2017 to June 2018, a total of 55 patients were preselected for participation in this trial. Fifty-three patients were finally randomized to receive FCM (n=27) or placebo (n=26) ( Figure 1 ).
The median age of the study population was 73 (interquartile range 65-78) years, 75.5% were men, 52% had type 2 diabetes mellitus, 43.4% had prior ischemic heart disease, 60.4% had a prior admission for acute heart failure in the last 12 months, and most (94.3%) were in NYHA functional class II. The median (interquartile range) CMR-LVEF, NT-proBNP, and estimated glomerular filtration rate were 39% (33-45), 1690 pg/mL (1010-2828), and 60 (49.3-72.9) mL/min per 1.73 m 2 , respectively. All patients had ID at baseline, with 37 (69.8%) and 16 (30.2%) patients exhibiting absolute and functional ID, respectively. The median (interquartile range) values of ferritin and TSAT were 63 (33-114) lg/L and 15.7% (11) (12) (13) (14) (15) (16) (17) (18) (19) .2%), respectively. Anemia (WHO criteria) was present in 16 (30.2%) patients. Baseline ferritin and TSAT did not correlate with T2* (Spearman r=À0.08, P=0.552 and Spearman r=À0.199, P=0.153, respectively) or T1 mapping (Spearman r=À0.02, P=0.903 and Spearman r=À0.173, P=0.216, respectively). The baseline characteristics of patients in the 2 treatment groups are given in Table 1 . No significant differences were found between the treatment groups. Raw data (CMR parameters [T2*, T1-mapping, and LVEF], KCCQ, and 6MWT at different visits [baseline, 7 and 30-day]) across treatment arms are presented in Table S2. 38.5] versus 41.1 ms [38.9-43.4], P=0.003), but this difference was no longer significant for T1 mapping (1075 ms [1065-1085] versus 1079 ms [1069-1089], P=0.577; Figure 2B ).
Secondary End Points
Relationship between CMR changes in T2* and T1
mapping with concomitant changes in: a. LVEF: LVEF did not significantly differ between both treatments at 7 or 30-day (Table 2 ). In the FCM-arm, a decrease in T2* was significantly associated with an increase in LVEF ( Figure 3A-left) . For T1-mapping, the direction of the association was similar and significant ( Figure 3A-right However, there were no significant differences across treatment arms at 7-day (Table 2 ). Furthermore, we found a significant association between the decrease in T1-mapping with the increase in KCCQ in the FCM-arm ( Figure 3B-right) . The association between T2* changes was not significant ( Figure 3B-left) . c. Functional capacity: We failed to find significant differences in 6MWT across both treatment strategies at both time points (Table 2 ). However, we find a significant association between reduction in T2* and increase in 6MWT in the active arm ( Figure 3C-left) . For DT1-mapping, the association with D6MWT was not significant ( Figure 3C-right .00], P<0.001). However, at 7-day, the differences were not significant ( Table 2 ). In the FCM-arm, the greater improvement in NYHA class matched the reduction in T1mapping ( Figure 3D-right) . However, this correlation was not significant for T2* (Figure 3D-left) . e. Natriuretic peptides: NT-proBNP did not differ across treatment strategies at 7 or 30 days (Table 2 ). In the active arm, we found an inverse association between CMR changes and changes in NT-proBNP ( Figure 3E ).
Relationship between CMR changes (T2* and T1 mapping)
and changes in iron biomarkers. Least-square means values of ferritin and TSAT values were significantly higher in the FCM-arm at 7 and 30 days as compared with placebo ( Table 2 ). Furthermore, in the FCM arm, there was an inverse association between DT2* (and DT1-mapping) with D of surrogates of systemic iron repletion (Figure 4 ).
Discussion
For the first time in a clinical setting, we found that treatment with FCM resulted in significant and short-term changes in CMR sequences that are consistent with myocardial iron repletion. Interestingly, these surrogates of myocardial iron repletion were, in most cases, related to systemic iron repletion and short-term improvement in LVEF and other surrogates of severity such as 6MWT and quality of life. Our results are in line with prior studies showing the clinical utility of iron supplementation in HF-ID patients, and more importantly, provide new insights into the role that myocardial iron repletion may play in these beneficial effects.
ID and Heart Failure
Iron is a micronutrient that plays a crucial role in oxygen transport and storage, and as a component of the mitochondrial respiratory chain is involved in energy production. [10] [11] [12] [13] 23 In vitro studies have shown that cellular iron depletion in cardiomyocytes is associated with mitochondrial dysfunction, impaired ATP synthesis, increased oxidative stress in these cells, and that all these factors promote a profound impairment of systolic and diastolic properties of the cardiomyocytes. 12 In the clinical context, ID is highly prevalent in patients with HF and commonly associated with adverse outcomes. [1] [2] [3] [4] In these patients, treatment of ID with FCM improves symptoms, exercise capacity, and quality of life, and reduces the risk of readmission. 1, [5] [6] [7] [8] However, the pathophysiological link between exogenous iron repletion and clinical improvement is not totally elucidated. A subanalysis of the FAIR-HF (Ferrinject assessment in patients with iron deficiency and chronic heart failure) study and other studies showed that clinical improvement in response to intravenous iron administration occurs in patients with or without anemia, suggesting that the beneficial effect of iron administration is, at least in part, independent of the erythropoietic response. 24 
Iron Supplementation and Myocardial Performance in HF Patients
In the clinical setting, the evidence regarding the myocardial effect of iron supplementation is scarce. For example, in a small randomized trial with HF, ID, and chronic kidney disease, Toblli et al 25 showed that iron sucrose administration translated into a significant 6-month improvement in LVEF estimated by echocardiography (6.6 AE 3.8%). Other studies have also shown a significant reduction in the plasma level of NT-proBNP and attenuation of hypertrophic cardiac remodeling. 26, 27 The present study goes a step further in this regard and provides evidence that the improvement is related to benefits at the cardiac level with myocardial iron repletion that translates in improvements in cardiac function and patient functioning.
Quantification of Myocardial Iron Changes by CMR
CMR is an accurate and noninvasive technique that enables the characterization of cardiac structure, function, and risk stratification. 28 This technique has been used to estimate myocardial iron content. 15, 16 For example, lower T2* CMR sequence values have been shown to provide a reliable assessment of myocardial iron overload. 15, 16 More interestingly, changes in T2* following chelation therapy are strongly related to the response to therapy in patients Values presented are the least-square means (95% CIs) from each mixed linear regression model. All models were adjusted by hospital center (as a cluster variable), the interaction term Tx9visit with iron overload. 29 Regarding ID, in a small case-control study, Nagao et al 17 suggested that cardiac T2* may also play a role in the quantification of myocardial ID in nonischemic HF. In addition, these authors reported that T2* CMR was related to an increased risk of adverse outcomes. 17 Furthermore, new CMR techniques, such as T1 mapping, have been found to be a potential alternative tool for myocardial iron quantification. 18 To the best of our knowledge, this is the first controlled clinical trial showing that treatment with FCM is associated with significant short-term decreases in T1 mapping and T2* CMR values, changes that are indicative of myocardial iron repletion. Indeed, we found a 7-day decrease in both CMR sequences; however, at 30 days only T2* was decreased. Interestingly, these changes were strongly related to a concomitant improvement in LVEF and other surrogates of disease severity. Unfortunately, our study was not designed to further evaluate this discrepancy among T2* and T1 mapping at 30 days. Beyond the potential role of type II error, we speculate that changes in T1 mapping at later times may also reflect changes in other tissue characteristics. T1-mapping values are influenced by several other conditions, such as fibrosis, inflammation/edema, amyloid, and Fabry disease. 18 Despite the fact that all enrolled patients exhibited systemic ID, baseline T2* values did not correlate with systemic markers of ID. This fact may reflect a lack of agreement between traditional markers of ID and myocardial tissue iron, as shown in previous publications 30 or, perhaps, a lack of specificity of the baseline values of these CMR sequences for identifying myocardial ID in clinical practice. We do not believe the present findings have a direct translation into daily clinical practice. However, given the emerging role of iron biology in the pathophysiology of HF, we believe further research should test a clinical utility of the present findings or focus on the development of more specific and accurate noninvasive imaging techniques and better biomarkers for estimating myocardial iron content. This would translate into a better selection of HF patients who would most benefit from iron supplementation.
Limitations
This trial has some limitations to be acknowledged. First, some negative results may be explained by insufficient statistical power. Second, CMR end points are well-established imaging sequences for evaluating myocardial iron overload but not myocardial iron deficiency. In addition, their values and changes are not specific to myocardial iron content and may reflect the turnover of other tissue. Neither CMR sequence can discriminate whether tissue changes occur in an intra-or extracellular compartment. Third, as limited by the study design, we cannot prove any correlation between myocardial histological or myocardial energetic efficiency aspects with the administration of FCM. Performing a myocardial biopsy to conduct such studies would be considered ethically conflicting. Fourth, in the present study we did not evaluate the effect of iron treatment on skeletal muscle function, a potential mechanism that may also explain the beneficial effect of iron in HF patients. Fifth, in order to avoid interference with CMR sequences, patients with cardiac devices were excluded from this study. Sixth, the subgroup analysis was not reported given the small size of the study. Finally, despite the fact that the magnitude of changes we found in surrogates of the disease (LVEF, quality of life, functional capacity, and NYHA class) appears not to be clinically relevant, this study was not designed to quantify the effect of FCM nor magnitude of these changes.
Conclusions
In patients with stable HF and ID, administration of FCM led to a greater reduction in CMR T2* and T1-mapping values compared with placebo in the short-term. Both changes are suggestive of myocardial iron repletion. Further studies are warranted to confirm these findings and to evaluate the potential utility of CMR for assessing myocardial iron content. Table S1 . Inclusion and exclusion criteria.
Inclusion criteria
▪ Outpatients with chronic HF 
